Matrix-assisted laser desorption/ionization (MALDI) time of flight mass spectrometry was used to detect and order DNA fragments generated by Sanger dideoxy cycle sequencing. This was accomplished by improving the sensitivity and resolution of the MALDI method using a delayed ion extraction technique (DE-MALDI). The cycle sequencing chemistry was optimized to produce as much as 100 fmol of each specific dideoxy terminated fragment, generated from extension of a 13-base primer annealed on 40-and 50-base templates. Analysis of the resultant sequencing mixture by DE-MALDI identified the appropriate termination products. The technique provides a new non-gel-based method to sequence DNA which may ultimately have considerable speed advantages over traditional methodologies.
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has the potential to rapidly acquire DNA sequence information (1) (2) (3) . MALDI-MS has already been successfully applied to confirmation of the sequence of short synthetic oligonucleotides by mass analysis of their associated synthesis failure products (4) and by mass analysis of fragments generated in a time-dependent exonuclease digestion (5) . With these methods, identification of the sequence depends on determination of the mass of each fragment with sufficient accuracy to identify each base by its unique mass. These methods have been applied only to relatively short oligonucleotides, because the resolution and sensitivity of MALDI-MS generally falls off dramatically with increasing size.
In contrast, sequence determination from separate Sanger dideoxy termination reactions only requires resolution sufficient to sequentially distinguish termination fragments of length n from length n + 1. Using this method, mass spectra of each of the four specific dideoxy termination reactions generated from Sanger chemistry are overlaid and each sized product correlated to one of the four base termination reactions. Major advantages of this approach are that data acquisition in MALDI-MS requires only minutes per sample and there is no need for electrophoresis gels or for any type of radioactive or fluorescent DNA labeling.
Fitzgerald et al. (2) demonstrated that MALDI-MS produced adequate resolution to resolve short sequences of oligonucleotides from one another. They demonstrated a MALDI-MS analysis of mock Sanger sequencing reactions containing mixtures of synthetic oligonucleotides ranging in length from 17 to 41 bases. However, the use of MALDI-MS for the analysis of actual Sanger dideoxy base termination sequencing reactions has proven much more difficult. This is due to the limited amounts of termination products typically produced and the presence of buffer salts and other components in the reaction mixture. Standard MALDI-MS lacks both the resolution and sensitivity to analyze such complex mixtures (2, 6) , although recently Shaler et al. (7) were able to demonstrate the detection of Sangergenerated fragments up to the 19th base past the primer.
Recently 16 ,ul. Subsequently, 4 ,ul was mixed with 2 ,ul of each A, C, G, T termination mixture. Each of these mixtures contained 15 p.M each of dATP, dCTP, 7-deaza-dGTP, and dTTP, as well as 0.45 mM ddATP, 0.3 mM ddCTP, 0.0255 mM ddGTP, and 0.9 mM ddTTP in the A, C, G, and T termination mixtures, respectively. The 7-deaza-dGTP is a normal component of the Sequitherm sequencing kit and is included to reduce GC compressions. This base analog has also been shown to be more stable than dGTP during MALDI (16, 17 Detection Sensitivity. Standard protocols for Sanger sequencing using radiolabeled or fluorescent detection generally produce an average of about 0.5-1 fmol of each termination product (2). The lower limit of detection of MALDI-MS for DNA has historically been several orders of magnitude above this amount, rendering the analysis impossible. To determine if DE-MALDI could improve this detection limit, we analyzed serial dilutions of oligonucleotides. Fig. 3 illustrates the mass spectra obtained from low fmol amounts a of 13-base primer. The signal produced with 7.8 fmol of the 13-mer was well above background, and a specific signal for 3.9 fmol could be detected. No specific signal above background was detected for a sample containing 2. conditions. This indicated that the detection limit was between 2 and 5 fmol, and that about 25 fmol per termination product would be a minimum desirable level for sequencing by DE-MALDI-MS due to the increased complexity of the Sangergenerated reaction products. Sequencing Chemistry. A matrix of parameters for sequencing were explored to determine conditions suitable to generate a minimum of 25 finol of each termination product from a fluorescein-labeled 13-mer primer annealed to a synthetic 40-base template. The dideoxy termination products were quantitated with an ALF DNA sequencer, and yields were determined from peak areas normalized to fluorescein-labeled oligonucleotides of known concentrations. The sequencing reaction conditions explored included the use of T7 DNA polymerase (Sequenase version 2.0; United States Biochemical) and the Taq cycle sequencing method (AmpliTaq Cycle Sequencing Kit; PerkinElmer). Cycle sequencing with 20 pmol of primer and 20 pmol of template using Sequitherm DNA polymerase resulted in the highest yield of termination products. In addition, 0.7 mM MnCl2 was included in the reaction mixture, which favored an even distribution of relatively small termination fragments between 14 and 40 bases (20) . Fig. 4 illustrates the distribution of termination products generated by Sequitherm cycle sequencing from 40-mer and 50-mer templates, respectively. The first large peak in Fig. 4A represents the fluorescent primer and the first resolvable termination product was a 19-mer terminating in ddA. The sequence was correct to the end of the template, but ended with a 41-mer peak in which all four dideoxynucleotides were incorporated. This peak apparently reflects a single, terminal, base nonspecific, template-independent addition to the primer-template complex. The template-independent addition of a base has been reported for other DNA polymerases (21) . The amount of product generated in this Sequitherm cycle sequencing reaction varied from a low of 20 fmol for the ddA terminated 29-mer to 100 fmol for the ddT-terminated 38-mer. Similar amounts of fluorescent products, both absolute and relative, were generated extending the 13-mer primer on the 50-mer template (Fig. 4B) with non-fluoresceinated primers were prepared. Fig. 6 illustrates representative spectra for the ddA-, ddC-, ddG-, and ddTterminated reactions. Nearly all of the termination fragments for the A, G, and T reactions were detectable and resolved. The C reaction in this series exhibited lower yield (and a correspondingly higher background) than the other three reactions. DISCUSSION
We have demonstrated the feasibility of DE-MALDI to detect and order DNA sequencing fragments generated by the Sanger Biochemistry: Roskey et al. together with increased concentrations of primer and template and the inclusion of manganese chloride (MnCl2) in the reaction mixture. These improvements resulted in as much as 100 fmol of termination fragments in each 6 ,ul of reaction mixture. This amount of product is well within the range of what can be detected by DE-MALDI, even in complex mixtures. Such mixtures can be sequenced to a length of about 40 to 50 bases. This is the current limit of the technology, as with more complex mixtures the signal-to-noise ratio of each spectrum is not high enough to unambiguously recognize specific peaks.
An advantage of the technique is that DE-MALDI spectra closely resemble the data from conventional automated fluorescent sequencing instruments and so are easily interpretable with only a few differences. With synthetic templates of defined size, a peak in the mass spectrum due to doubly charged template may occur, and if so must be resolved from the train of singly charged termination fragments. The four spectra in Fig. 6 all have a peak corresponding to the doubly charged template peak at m/z = 7650. A peak corresponding to dimer of primer was often observed (Fig. SB, labeled as 2P , m/z = 7881.2) but was always easily resolved and distinguished from termination fragments on the basis of the expected mass of peak 2P. The relatively high intensity of this dimer peak is probably due to the high concentration of primer used in these reactions. The m/z of primer dimer and doubly charged synthetic templates can of course be easily calculated and used as an internal standard to accurately calibrate the mass spectra.
Several artifactual peaks in the mass spectra were also present in the automated fluorescent sequencing runs, and so reflect idiosyncrasies of the sequencing chemistry rather than mass spectral artifacts. In both analyses, short termination products (Fig. 5, C14 , A15, G16; and Fig. 6 , series of peaks between the primer and tlhe 18s peak) were detected which are the result of nonspecific base termination, probably enhanced in this case by the use of a short, 13-mer primer. Nonspecific termination fragments at base position 18 (Figs. 5 and 6, labeled 18s, m/z = 5427) were also seen in both analyses and are probably the result of secondary structure in the template. More nonspecific termination product at this position was generated when using the 50-base template than was generated when using a 40-base template as can be seen in the fluorescent trace of these reactions (Fig. 4B , identified by N in the sequence). This nonspecific termination fragment is observed as a strong signal in all four termination lanes in Fig. 6 .
Weak signals for several termination fragments in the mass spectrum of the 50-base target (i.e., Fig. 6 , bases A29, C37, G41, T42, A46, C47) are due to low incorporation of the base terminator at the point below the detection level. This is confirmed by the relative weakness of the peaks representing these bases in the fluorescent trace data (Fig. 4B) . Additionally, the peak representing base C25 is partially obscured due to high background in this mass region from the doubly charged template signal. The identification of peaks G48 and T49 is also hindered by the rise in signal in this region due to the size of the template peak. The ddC reaction product was considerably more difficult to analyze and required the use of higher laser power to generate termination specific signals. Fluorescent trace data indicated the quantity of C-terminated fragments were of similar abundance as those of A, G, T, suggesting this is a problem related to the MALDI-MS method.
One possibility is that this reaction was not completely desalted, although repeated attempts to desalt the same sample failed to yield better spectra. Several groups have reported differential stability of nucleobases during MALDI (6, 13 (22) , describing the detection of DNA as large as 500 bases. However, this required analysis of -2.5 pmol and resulted in spectra with a peak width (at half maximum) of =3100 Da, which corresponds to a mass of =10 bases. Thus it will be necessary to improve the lower limit of detection and resolution of higher molecular weight termination fragments through the use of better high-mass detectors and improvement of the sequencing chemistry to generate larger amounts of product. Since only a simple desalting step is required for sample preparation and only minutes are required for analysis, DE-MALDI has the potential for very rapid sequence analysis.
